A simple and convenient method of reducing monosaccharide assay is proposed. A Si(IV)-Mo(VI) solution (pH 4.9) was yellow due to the formation of the 11-and/or 12-molybdosilicate(VI) anions. By the addition of a reducing saccharide, glucosamine, the mixture turned to blue gradually, indicating that the Mo(VI) species was reduced by the saccharide to form a blue molybdosilicate anion. The molybdenum blue formation occurred more quickly when a water-miscible organic solvent, dimethyl sulfoxide, was added to the Si(IV)-Mo(VI) solution. Thus, 0.01% level glucosamine can be determined colorimetrically with microtiter plate. Oligochitosan would not interfere with the determination of the glucosamine at the same concentration. Also, a remarkable blue color development of the Si(VI)-Mo(VI) solution was observed by the addition of glucose. On the other hand, maltose, cellobiose, and water-soluble starch at the same concentration level gave no significant coloration of the reaction mixture. Thus, the present monosaccharide assay can be applied advantageously to evaluate the saccharification to produce glucosamine and glucose.
Introduction
The formation of the colored heteropolymolybdate species has been utilized in colorimetric and spectrophotometric assay of oxidanions [1] [2] [3] and in the color reaction of the reducing sugar assay. The Somogyi-Nelson reducing saccharide assay 4, 5 is based on the reduction of Cu(II) to Cu(I) by the saccharides in an alkaline solution and the molybdenum blue formation by Cu(I) in a strongly acidic As(VI)-Mo(VI) solution. In the Tauber-Kleiner monosaccharide assay, 6 the reduction of Cu(II) is performed in an acidic solution, in which oligosaccharides react hardly with the Cu(II) reagent.
Some isopoly-and heteropolymolybdate(VI) anions are formed even under a weakly acidic condition at around pH = 5. In this study, some reducing saccharides were added to the weakly acidic Mo(VI), P(V)-Mo(VI), As(V)-Mo(VI), and Si(IV)-Mo(VI) solutions in the absence of Cu(II). It was found that, by the addition of glucosamine (GlcN) and glucose (Glc), the Si(IV)-Mo(VI) solution turned to a distinct blue due to the formation of a mixed-valence molybdosilicate anion. The result suggests that GlcN and Glc can be detected more conveniently than the conventional colorimetric assays. [4] [5] [6] [7] Thus, we investigated the applicability of the Si(IV)-Mo(VI) system to the colorimetric microassay for GlcN and Glc. The experimental results showed that GlcN and Glc can be determined colorimetrically with microtiter plate, and that their oligomers and polymers would not interfere with the monosaccharide assay. Although selectivity may be lower than the method combined with a separation technique such as the capillary electrophoretic method using in-capillary derivatization, 8 the present colorimetric assay would be applied more advantageously to, e.g., the screening of saccharifying enzymes. Thus, we examined also whether the present Glc assay is available for the evaluation of saccharification by glucoamylase.
Experimental
Sodium metasilicate enneahydrate and disodium molybdate(VI) dehydrate were obtained from Wako Pure Chemical Industries, Ltd. Dimethyl sulfoxide (DMSO) was of spectro-grade. D(+)-Glucosamine hydrochloride, D(+)-glucose, and watersoluble starch were obtained from Wako Pure Chemical Industries, Ltd.
Oligochitosan was gift from Yaegaki Bio-industry, Inc. Glucoamylase was obtained from Amano Enzyme, Inc. These were used without further purification. Other chemicals were of reagent grade, and were used as received. The Si(IV)-Mo(VI) solutions consisting of Na2SiO3 and Na2MoO4 were prepared fresh each day.
The absorption spectra and the absorbance versus time curves of the reaction mixtures were recorded by a spectrophotometer (JASCO V-530) with a temperature controller.
In the spectrophotometric measurement, the pass length was 1 cm, and distilled water was used as the blank solution. The absorbance of the reaction mixtures in microtiter plates (Figs. 6 and 9, below) was recorded with a microplate reader (Molecular Devices SpectroMax M2).
Results and Discussion

Formation of molybdenum blue species by GlcN
The Mo(VI) aqueous solution consisting of 600 mM Na2MoO4 and 1.5 M CH3COOH (pH 4.9) was colorless (Fig. 1a) , indicating that no colored isopolymolybdate anion was formed. The P(V)-Mo(VI), As(V)-Mo(VI), and Si(IV)-Mo(VI) aqueous solutions were prepared by the addition of 50 mM Na2HPO4, Na2HAsO4, and Na2SiO3, respectively. As shown in Fig. 1 , these solutions were yellow or slightly yellow, indicating the formation of yellow heteropolymolybdate(VI) anions.
In this study, 1/10 volume of sample solution was added to the molybdate(VI) solutions, and the mixtures were heated at 70 C unless otherwise noted. By the addition of GlcN at different concentrations in the sample solution (cGlcN = 1, 10, and 100 mM), some mixtures turned to a distinct blue, indicating the reduction of the Mo(VI) species by GlcN. The mixtures after heating for 60 min are shown also in Fig. 1 . The Si(IV)-Mo(VI)-GlcN mixtures showed a more intense blue.
Formation of blue molybdosilicate by GlcN in water
Curve a in Fig. 2 shows the absorption spectrum of the Si(IV)-Mo(VI) aqueous solution (pH 4.9) consisting of 50 mM Na2SiO3, 600 mM Na2MoO4, and 1.5 M CH3COOH. In the Si(IV)-Mo(VI) solution, the yellow 12-molybdosilicate ([SiMo12O40] 4-) and/or the slightly yellow 11-molybdosilcate ([HnSiMo11O39] (8-n)-) anions would be formed, 9 according to the reactions:
and
Under the weakly acidic condition, the formation equilibria would shift toward the left-hand side. Curve b in Fig. 2 shows the spectrum of the Si(IV)-Mo(VI)-GlcN mixture of cGlcN = 1 mM heated at 70 C for 30 min. The absorption maximum was observed at around 750 nm, indicating the formation of a mixed-valence 12-molybdosilicate anion. 10 The absorbance at 750 nm versus time (A750-t) curve of the reaction mixture is shown by the inset in the figure. The A750-value increased gradually within the time range tested, indicating that the molybdenum blue formation was not so fast.
The Si(IV)-Mo(VI) aqueous solution was buffered at pH = 5.1, 4.9, 4.7, 4.5, and 4.3 with CH3COOH and HCl. The solution became yellower with decreasing pH, indicating that formation equilibria of Eqs. (1) and (2) shifted to the right-hand side. However, as shown by Fig. 3 , the molybdenum blue formation was fastest at pH = 4.7 -4.9, indicating that it becomes harder for GlcN to reduce the Mo(VI) species at lower pH levels. 
Formation of blue molybdosilicate by GlcN in DMSO-water
It has been known that the hydrophobic heteropolyanions, including the [SiMo12O40] 4-anion, 11, 12 are stabilized by the addition of water-miscible organic solvent. 13 In this study, DMSO was added to the Si(IV)-Mo(VI) solution because of its low volatility. Curve a in Fig. 4 shows the absorption spectrum of the 50 mM Na2SiO3, 600 mM Na2MoO4, 1.5 M CH3COOH, and 30% (v/v) DMSO solution. The Si(IV)-Mo(VI) DMSO-W solution was yellower than the aqueous solution. It is noted that, when the concentration of DMSO was increased to 40% or more, a precipitate tended to form in the solution.
Curve b in Fig. 4 shows the spectrum of the Si(IV)-Mo(VI)-GlcN DMSO-W mixture of cGlcN = 1 mM heated at 70 C for 30 min. The absorption maximum was observed also at around 750 nm, but the A750-value at t = 30 min (A750,30) was larger than that of the aqueous reaction mixture. The A750-t curve of the Si(IV)-Mo(VI)-GlcN DMSO-W reaction mixture is shown by the inset in Fig. 4 . The A750-value increased rapidly at t < 10 min, and then the increment became remarkably slow. Thus, under the solution condition, the molybdenum blue formation does not terminate within several hours at 70 C. However, the Si(IV)-Mo(VI) DMSO-W system would enable a reproducible GlcN assay by referring to standard samples. Also, the A750-t curve in Fig. 4 cannot be explained by simple first-order kinetics. This may be ascribed by the isomerization between α-and β-form of the Keggin structure during the molybdenum blue formation.
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Colorimetric GlcN assay with microtiter plate
In a microtiter plate, 20 μL of the GlcN sample solutions with different cGlcN's were mixed with 200 μL of the Si(IV)-Mo(VI) DMSO-W solution at room temperature, and the reaction mixtures were heated at 70 C for 30 min. As shown in Fig. 5 , the intensity of the blue increased with cGlcN from 0.5 to 20 mM. In Fig. 6 , the A750,30-value is plotted against cGlcN. The A750,30-value was proportional to cGlcN in the range tested. Thus, 10 μg level of GlcN can be determined conveniently. Also, the A750-value of the reaction mixture heated for 60 min (A750,60) is plotted against cGlcN in the figure. As expected from the A750-t curve in Fig. 4 , when the mixture was heated for 10 min or more, the sensitivity of the GlcN did not increase significantly with the heating time.
Oligochitosan and other monosaccharides
Curve a in Fig. 7 shows the A750-t curve of the Si(IV)-Mo(VI) DMSO-W solution after the addition of the 0.02% oligochitosan ((GlcN)n, n = 2 -8). It is noted that (GlcN)n did not form the precipitate in the mixture, although polycationic species forms precipitate with the hydrophobic anion including the [SiMo12O40]
4-anion. 10, 15 The increment in A750 was much slower than that given by the 1 mM (~0.02%) GlcN solution, indicating that the GlcN assay can be useful for the evaluation of saccharification to produce GlcN.
Curves b and c in Fig. 7 show the A750-t curves obtained by the 1 mM galactosamine and glucuronic acid solutions, respectively. The GlcN analogues can reduce also the Mo(VI) species to produce the blue molybdosilicate anion, but the blue color development by them was slower than that by GlcN. No significant increment in A750 was observed by the 1 mM N-acetylglucosamine solution within the time range tested. The increment in A750 by the 1 mM Glc was as slow as that by the 0.02% oligochitosan. Curves a, b, c, and d in Fig. 8 show the A750-t curves obtained by the 10 mM Glc, galactose, mannose, and arabinose solutions, respectively. The A750,30-values were comparable with each other. Thus, the sensitivity for the monosaccharides is somewhat different from that in the conventional Tauber-Kleiner method using Cu(II) reagent. Also, the difference in the reaction rate among the cationic GlcN, charge-neutral Glc, and anionic glucuronate cannot be explained by the electrostatic interaction with the [SiMo12O40] 4- anion, that is, the negatively charged reactant. 17 
Glc assay and saccharification of starch
The above results indicate that Glc at 10 mM or 0.1% level can be also determined conveniently by the present method. In Fig. 9 , A750,30-and A750,60-values of the Si(IV)-Mo(VI)-Glc DMSO-W mixtures are plotted against the concentration of Glc in the sample solution (cGlc). These A750-values were proportional to cGlc in the range from 5 and 100 mM. The sensitivity is comparable with that by a Somogyi-Nelson microassay for Glc. 18 The A750-values did not increase significantly within 30 min after the addition of the 0.2% maltose and cellobiose solutions. As an example, the A750-t curve for the 0.2% maltose solution is shown by curve e in Fig. 8 . Within the time range tested, the A750-values by the disaccharides were much lower than that by Glc at the same concentration. Curve f in Fig. 8 shows the A750-t curve for the 2% water-soluble starch solution. The A750-value was much lower than that by the 10 mM (~0.2%) Glc solution. The results indicate that the present method would be useful for the evaluation of the saccharification of starch and cellulose to produce Glc.
Therefore, we also examined whether the present Glc assay is available for the evaluation of saccharification of starch by glucoamylase. The enzyme reaction mixture consisting of 0.5, 1, and 2% starch, 0.02% glucoamylase, and 10 mM MES (pH 5.5) was incubated at 45 C for 40 h. A 20-μL aliquot of the enzyme reaction mixture was mixed with 200 μL of solution, and then the mixture was heated at 70 C for 60 min. As shown in Fig. 10 , the Si(I)-Mo(VI) DMSO-W reaction mixtures given by the negative controls remained yellow. The concentration of Glc in the enzymatic reaction mixtures was determined to be less than 0.02% spectrophotometrically. On the other hand, the enzyme reaction mixtures with the substrates gave the significant blue coloration. The concentration of Glc produced in the enzyme reaction mixture with 0.5, 1, and 2% starch was determined to be 0.46 ± 0.06, 0.81 ± 0.09, and 1.60 ± 0.12%, respectively. Thus, the efficiency of the saccharification was estimated to be 80 -90%. The experimental values were in agreement with those determined by a glucose biosensor.
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Conclusions
Monosaccharides, such as GlcN and Glc, can be determined by the change in coloration of the Si(VI)-Mo(VI) mixture from yellow to blue. Oligo-and polysaccharides at the same concentration level cannot interfere with the determination of the monosaccharides significantly. The present monosaccharide assay is simple and easy to carry out, and can be applied advantageously to evaluate the saccharification to produce GlcN and Glc.
